Introduction {#sec1}
============

Acute epididymo-orchitis (AEO) is the most common cause of intrascrotal inflammation and accounts for 600 000 medical visits per year in the USA alone ([@ref2]; [@ref53]). The most common pathogen isolated from acute epididymo-orchitis (AEO) in the clinic are *E. coli* pathovars such as uropathogenic *E. coli* (UPEC). Bacterial AEO is commonly preceded by an acute epididymitis that, in 60% of patients, subsequently spreads to the testis ([@ref46]) and regularly results in sub- or infertility even following antimicrobial treatment ([@ref38]). Fertility impairment following AEO can originate from permanent epididymal damage with ductal obstructions aggravating or hindering sperm transit, whereas direct exposure of testicular germ cells to bacterial pathogens, pathogen-derived toxins or subsequently derived immune factors can also cause damage to spermatogenesis itself ([@ref47]; [@ref46]; [@ref5]; [@ref39]).

Consistently, the cauda epididymidis has been identified in a number of studies to be particularly sensitive to bacterial AEO and concomitant inflammation resulting in long-term damage ([@ref39]; [@ref35]; [@ref34]; [@ref18]; [@ref25]). Studies on the testicular consequences of AEO are more rare, especially in humans. For example, an increase in testicular volume (usually due to oedema formation), concomitant with a decrease of sperm numbers and other ejaculate parameters, has been reported ([@ref39]). In long-term follow-up studies, persistent oligo(asthenoterato)zoospermia was diagnosed in \~30% of cases with a further 10% suffering from azoospermia ([@ref46]; [@ref45]; [@ref48]). Complete testicular recovery after an incidence of AEO was reported in one further study ([@ref39]).

Surprisingly, the caput epididymidis appears to remain essentially unaffected during bacterial AEO, despite confirmed bacterial transit in rodents ([@ref6]; [@ref34]; [@ref18]). This may be due to a reduced capacity for inflammatory or immune responses, likely manifested by a tissue-specific gene expression signature ([@ref35]) as exemplified by the highly differential expression of epididymal beta-defensins as antimicrobial peptides in caput versus cauda epididymidis ([@ref42]). It needs to be noted, however, that the antimicrobial function and importance of epididymal beta-defensins to combat infections is not well understood. Considerations are further complicated by opposing observations: on the one hand, beta-defensin-overexpressing mice showed resistance to bacterial invasion of the epididymis and an induction of beta-defensins during bacterial AEO was noted, whereas on the other hand a decrease in epididymal beta-defensin levels was documented following an inflammatory challenge with bacterial lipopolysaccharide (LPS) ([@ref9]; [@ref17]; [@ref6]).

This study aimed to elucidate the differential immune responsiveness of testis and caput versus cauda epididymidis to bacterial infection using whole transcriptome analysis and an established mouse model of UPEC-induced AEO to assess differences in tissue reactivity with special focus on the short- and long-term effects of AEO on testis and caput epididymidis.

Materials and Methods {#sec2}
=====================

Ethics statement {#sec3}
----------------

Animal experiments were approved by the responsible committee on animal care (Regierungspraesidium Giessen GI 20/25 Nr. G 60/2017) and carried out in strict accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals of the German law of animal welfare.

Induction of bacterial AEO in mice, treatment groups {#sec4}
----------------------------------------------------

Uropathogenic *E. coli* (UPEC) strain CFT073 was cultured as described previously ([@ref34]). Adult C57BL/6J male mice (Charles River Laboratories, Sulzfeld, Germany; 10--12 weeks of age) were anesthetised with an intraperitoneal injection of ketamine and xylazine, and bacterial AEO was induced by injection of UPEC via the vas deferens, as described previously ([@ref25]). Sham-treated controls were injected with phosphate-buffered saline instead of UPEC. Mice were killed at Day 10 and Day 31 post-inoculation (p.i.), and testes and epididymides were snap-frozen for subsequent RNA analysis, fixed for histological examination or homogenised for determination of bacterial colony-forming units (CFU). Time points were chosen based on the following data acquired by [@ref34]). At Day 3 p.i., bacteria were present in the cauda epididymidis, but barely any histological damage was apparent. At Day 7 p.i., bacteria had ascended to the testis with severe damage evident in the cauda epididymidis. Thus, damage in the cauda was suggested to develop between Day 3 and Day 7 p.i. With bacteria ascending to the testis past the caput by Day 7 p.i., an assessment at Day 10 p.i. would allow sufficient time for any possible pathological alteration to become visible in the caput epididymidis. Day 31 p.i. was chosen to analyse a possible progressive 'silent' deterioration or improvement after a sufficiently longer period of time.

Histological and immunohistochemical analysis {#sec5}
---------------------------------------------

Sections of Bouin's fixed (4 h) tissues were stained with haematoxylin and eosin (testis) or Sirius Red (epididymis). An adaptation of the classical Johnsen scoring system ([@ref23]) of spermatogenesis was used, whereby the overall presence or absence of certain germ cell types in each tubule cross-section was assessed, rather than their quantitative abundance. In more detail, spermatogenic disturbance was assessed by evaluating 200 seminiferous tubule cross-sections per mouse and recording the most advanced germ cell type detectable in each tubule cross-section and finally documenting the percentage of tubule cross-sections showing the respective germ cell stage. Hence criterium ES (elongated spermatids) is related to Johnsen scores 10-8; RS (round spermatids) is related to Johnsen scores 7-6; PSc (pachytene spermatocytes) is related to Johnsen scores 5-4; SG (spermatogonia) is related to Johnsen score 3; SCO (Sertoli-cell only) is related to Johnsen score 2; Johnsen score 1 (complete absence of seminiferous epithelium) was not observed. For the detection of proliferating cells, sections of Bouin's fixed testes were stained with an anti-PCNA antibody (1:500 dilution, product no. ab92552, Abcam, Cambridge, UK). For each testis, 200 seminiferous tubule cross-sections were examined for PCNA-positive germ cells. For the detection of F4/80-positive mononuclear phagocytes, testicular acetone-fixed cryosections were stained with an anti-F4/80 antibody (1200 dilution, product no. MCA497G, Bio-Rad, Munich, Germany). The respective numbers of mice studied were as follows: sham-treated 10 days, *n* = 3; UPEC 10 days, *n* = 4; sham-treated 31 days, *n* = 3; UPEC 31 days, *n* = 4.

Determination of CFU {#sec6}
--------------------

Testis, caput and cauda epididymidis samples from sham-treated and UPEC-infected mice at 10 days p.i. were homogenised in sterile PBS (*n* = 2 per group). Ten-fold serial dilutions of tissue homogenates were prepared, and 100 μl of each dilution was streaked onto LB (lysogeny broth) agar plates. After 24 h at 37°C, CFU were counted and the respective CFU/ml was calculated.

Quantitative real-time RT-PCR {#sec7}
-----------------------------

Total RNA was isolated from testis, caput and cauda epididymidis of wild-type, sham-treated and UPEC-infected mice using TRIzol™ reagent (Thermo Fisher Scientific, MA, USA) and RNeasy Mini Kit (Qiagen, Hilden, Germany), including on-column DNase digestion. Real-time RT-qPCR was performed using iTaq Universal SYBR Green Supermix (Bio-Rad, Munich, Germany) and the CFX Touch™ Real-Time PCR detection system (Bio-Rad). Details of the primer pairs used are summarised in [Supplementary Table SI](#sup4){ref-type="supplementary-material"}. DNA was isolated and used in qPCR for detection of the bacterial marker gene *PapC* as an indicator for the tissue-inherent bacterial load (see [@ref32]; [@ref6]; [@ref34]; [@ref25]). All target gene expression measurements were normalised to a stable housekeeping gene, *Rplp0* (60S ribosomal protein, large, P0). The mRNA expression levels are presented as relative fold changes normalised to the sham-treated control samples, calculated by the 2^(−ddCT)^ method or as relative expression, calculated by 2^(−dCT)^, respectively. The respective numbers of mice studied were as follows: sham 10 days, testis *n* = 6, caput *n* = 4, cauda *n* = 4; UPEC 10 days, testis *n* = 5, caput *n* = 4, cauda *n* = 6; wild-type, testis *n* = 3, caput *n* = 3, cauda *n* = 3.

WTA and gene expression analysis {#sec8}
--------------------------------

Total RNA was isolated from testis, caput, corpus and cauda epididymidis of three male C57BL/6J wild-type mice as described above. Total RNA and library integrity were verified with LabChip Gx Touch 24 (Perkin Elmer, MA, USA), and 1 μg of total RNA was used as input for SMARTer Stranded Total RNA Sample Prep Kit---HI Mammalian (Clontech, CA, USA) following the manufacturer's protocol. Sequencing was performed on the NextSeq 500 instrument (Illumina, CA, USA) using v2 chemistry, resulting in average of 49M reads per library with 1x75bp single end setup. The resulting raw reads were assessed for quality, adapter content and duplication rates with FastQC ([@ref1]). Trimmomatic version 0.33 was employed to trim reads after a quality drop below a mean of Q20 in a window of five nucleotides ([@ref7]). Only reads between 30 and 150 nucleotides were cleared for further analyses. Trimmed and filtered reads were aligned versus the Ensembl mouse genome version mm10 (GRCm38) using STAR 2.4.0a with the parameter '\--outFilterMismatchNoverLmax 0.1' to increase the maximum ratio of mismatches to mapped length to 10% ([@ref15]). The number of reads aligning to genes was counted with featureCounts 1.4.5-p1 tool from the Subread package ([@ref30]). Only reads mapping at least partially inside exons were admitted and aggregated per gene. Reads overlapping multiple genes or aligning to multiple regions were excluded. Differentially expressed genes were identified using DESeq2 version 1.62 ([@ref31]). Only genes with a minimum fold change of + − 1.5 (log2 + −0.59), a maximum Benjamini--Hochberg corrected *P* value of 0.05, and a minimum combined mean of five reads were deemed to be significantly differentially expressed. The Ensemble annotation was enriched with UniProt data (release 06.06.2014) based on Ensembl gene identifiers ([@ref59]). Data are deposited at GEO (<https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE141071>). Data in graphs is presented as *Z*-score. This normalisation method can meaningfully compare widely different distributions. It is defined as the number of standard deviations that a value is above or below the mean of all values. Data in [Supplementary Table SII](#sup4){ref-type="supplementary-material"} are presented as library-size normalised counts.

Lypd8 assessment and functional *in vitro* analysis {#sec9}
---------------------------------------------------

Laser-assisted microdissection (PALM CombiSystem, Zeiss, Wetzlar, Germany) was performed on 7-μm-thick sections of Bouin's-fixed paraffin-embedded wild-type epididymis. Caput epithelium and caput interstitium were selectively excised and introduced to RNA-processing and RT-qPCR analysis of *Lypd8* expression as described above. MEPC5 cells (mouse caput epididymal epithelial cell line) ([@ref54]) were cultured in DMEM/F12 (1,1) (Gibco, Waltham, MA, USA), supplemented with 10% foetal bovine serum (Gibco) and 1% penicillin/streptomycin (Gibco), at 33°C with 5% CO~2~. Cells were grown in six-well plates at \~90% confluency and challenged with UPEC CFT073 (multiplicity of infection (MOI) three bacteria:cells). To assess the effects of LYPD8 on bacterial adherence to epididymal epithelial cells *in vitro*, UPEC were pre-incubated for 1 h on ice with or without 1 μg/ml human recombinant LYPD8 (product no. 9087-C4, Novus Biological, CO, USA) ([@ref37]) before infection of MEPC5 cells. A standard bacterial adherence assay was then performed as described by [@ref28]. In detail, culture supernatants and PBS washes containing non-adherent bacteria as well as MEPC5 cells with adherent bacteria were collected separately, serially diluted and plated onto LB agar plates. CFU were determined after incubation of agar plates at 37°C for 24 h. For statistical analysis, an unpaired *t* test was performed, comparing CFU in MEPC5 fractions challenged with UPEC that were pre-incubated with or without recombinant LYPD8. MOI 3 (bacteria:cells) was chosen because higher MOI or incubation times induced rapid epithelial cell detachment and damage ([@ref63]; [@ref55]). A short-term 4°C co-culture of UPEC CFT073 and MEPC5 cells was chosen as standard co-culture condition to prevent any UPEC proliferation that would otherwise potentially mask any LYPD8 effect by increasing the proportion of LYPD8-unaffected UPEC.

Statistical analysis {#sec10}
--------------------

Data are expressed as mean ± SD or as box-and-whisker plots with median, first and third quartile and minimum/maximum values. Statistical analyses were performed using IBM SPSS Statistics for Windows, Version 22.0, released 2013 (IBM Corporate, NY, USA) and GraphPad Prism 6 software (GraphPad Software, CA, USA). In all cases, data were tested for normal distribution and homogeneity of variance. Based on those results, a parametric test (unpaired *t* test, significance indicated with ^\*^) or non-parametric test (Mann--Whitney *U* test, significance indicated with \#) was performed for each organ, comparing sham to UPEC-infected mice. *P* values \< 0.05 were considered to represent statistically significant differences.

![**Histopathological analysis of testis in UPEC-elicited mouse epididymo-orchitis.** Representative micrographs of (**A**,**B**,**D**,**E**) HE-stained and (**G**,**H**,**K**,**L**) PCNA-stained testicular sections from sham-treated controls and UPEC-infected mice 10 and 31 days after infection, respectively. (B) Sham (10 days 1A,G; 31 days 1D,K), UPEC (10 days 1B,H, 31 days 1E,L). Scale bar in panel A applies to 1A--L. (**C**,**F**) An adaptation of the classical Johnsen scoring system ([@ref23]) was applied: 200 seminiferous tubule cross-sections per animal were examined and the most advanced germ cell type per tubule documented. Results are presented as the percentage of seminiferous tubule cross-sections containing the indicated germ cell type as the most advanced stage. Analyses were performed on tissue sections of sham and UPEC mice, 10 days (C) and 31 days (F) after infection, respectively. ES = elongated spermatids, RS = round spermatids, PSc = pachytene spermatocytes, SG = spermatogonia, SCO = Sertoli-cell-only. (**J**,**M**) Quantification of testicular PCNA-positive cells in sham and UPEC-infected mice 10 days (J) and 31 days (M) after infection. Two hundred tubule cross-sections were assessed for the presence (+) or absence (−) of PCNA-positive cells. Results are demonstrated as the percentage of seminiferous tubule cross-sections containing or not containing PCNA-positive cells. (N,0) Representative immunofluorescence image of 8-μm-thick acetone-fixed testicular cryosections from sham (N) and UPEC-infected mice (0) 10 days after infection, stained with an anti-F4/80 antibody (1200 dilution, product no. MCA497G, Bio-Rad, Munich, Germany), counterstained with DAPI. (C,F) Mann--Whitney *U* test for each category, comparing sham to UPEC-infected mice (\#\#\#\#*P* \< 0.0001, \#\#\#*P* \< 0.001, \#\#*P* \< 0.01, \#*P* \< 0.05). (J,M) Unpaired *t* test for each time-point, comparing sham to UPEC-infected mice (^\*\*\*\*^*P* \< 0.0001, ^\*\*\*^*P* \< 0.001, ^\*\*^*P* \< 0.01, ^\*^*P* \< 0.05). Sham 10 days, *n* = 3; UPEC 10 days, *n* = 4; sham 31 days, *n* = 3, UPEC 31 days, *n* = 4.](gaaa011f1){#f1}

Results {#sec11}
=======

Histopathology of testis and caput epididymidis {#sec12}
-----------------------------------------------

Normal testis histology with complete spermatogenesis was observed in sham-treated control mice at 10 and 31 days p.i. ([Fig. 1A and D](#f1){ref-type="fig"}). Bacteria were not detected in tissues of sham controls at the time points investigated ([Supplementary Fig. S1A](#sup1){ref-type="supplementary-material"}). In UPEC-infected mice at 10 days p.i., the seminiferous epithelium showed impaired spermatogenesis with vacuolisation of the germinal epithelium, presence of multinucleated cells and loss of germ cells with some tubules containing Sertoli cells only ([Fig. 1B](#f1){ref-type="fig"}). In the interstitial space, cellular infiltrates were obvious at Day 10 p.i. ([Fig. 1B](#f1){ref-type="fig"}), but not at Day 31 p.i. when overall testicular histology appeared similar to sham controls ([Fig. 1D and E](#f1){ref-type="fig"}). Analysis of CFU and the bacterial gene PapC confirmed the spread of UPEC from the injection site (vas deferens) to the testis by Day 10 p.i. ([Supplementary Fig. S1A and B](#sup1){ref-type="supplementary-material"}).

Using an adapted Johnsen scoring system for assessing the spermatogenic damage/status, full spermatogenesis including the presence of elongated spermatids (ES) was seen in sham controls in \~80% of tubule cross-sections at Day 10 and Day 31 p.i. ([Fig. 1C and F](#f1){ref-type="fig"}). In contrast, ES were barely detectable in UPEC-infected mice at 10 days p.i., whilst RS or meiotic pachytene spermatocytes (PSc) were found as the most advanced germ cell types in the majority of tubule cross-sections with some inter-individual differences ([Fig. 1C](#f1){ref-type="fig"}). Tubules containing spermatogonia (SG) as the only germ cell type as well as tubules containing Sertoli-cells only (SCO) were also evident at a lower percentage ([Fig. 1C](#f1){ref-type="fig"}). At Day 31 p.i., spermatogenesis had recovered in UPEC-infected mice, as revealed by similar germ cell proportions compared with sham control mice ([Fig. 1F](#f1){ref-type="fig"}). Of note, despite a significant reduction compared to sham control mice, PCNA-positive spermatogonia and pachytene spermatocytes were still detectable in \~60% of tubule cross-sections in testes of UPEC-infected mice 10 days p.i. ([Fig. 1G--J](#f1){ref-type="fig"}). This indicates that despite the damage, spermatogenic capacity was not completely eradicated in infected testes, leaving potential for recovery ([Fig. 1G--J](#f1){ref-type="fig"}). At Day 31 p.i., PCNA-staining of testis sections from UPEC-infected mice showed no obvious differences to those from sham controls ([Fig. 1K--M](#f1){ref-type="fig"}). Additionally, an increase in the population of interstitial F4/80-positive mononuclear phagocytes was observed in testicular cryosections of UPEC-infected mice 10 days p.i. ([Fig. 1O](#f1){ref-type="fig"}), as opposed to sham controls ([Fig. 1N](#f1){ref-type="fig"}). No intratubular F4/80-positive cells were observed in the testes of UPEC-infected mice.

Histological analysis of epididymal sections revealed no evident differences in the caput epididymidis of UPEC-infected mice compared with sham controls both at 10 and 31 days p.i., even though viable *E. coli* were present ([Fig. 2A--H](#f2){ref-type="fig"}, [Supplementary Fig. S1A and B](#sup1){ref-type="supplementary-material"}). In more detail, neither changes to the cellular composition of the caput interstitium (e.g. by immune cell infiltration or collagen deposition) nor changes to the caput epithelium (e.g. by desquamation of epithelial cells, cell loss or damage) were appreciable. In contrast, persistent tissue damage was observed in the cauda epididymidis of UPEC-infected mice at both time points ([Supplementary Fig. S2A--D](#sup2){ref-type="supplementary-material"}) as reported previously ([@ref25]). Overall, as an indication for the number of viable UPEC, CFU were highest in the cauda, with much lower numbers found in the testis and caput epididymidis ([Supplementary Fig. S1A](#sup1){ref-type="supplementary-material"}).

![**Histopathological analysis of caput epididymidis in UPEC-elicited mouse epididymo-orchitis.** Representative micrographs of Sirius Red-stained epididymis sections from sham-treated controls and UPEC-infected mice 10 and 31 days after infection, respectively. Sham (10 days 2**A**,**B**, 31 days 2**E**,**F**), UPEC (10 days 2**C**,**D**, 31 days 2**G**,**H**). Scale bar in panel A applies to A,C,E,G; scale bar in panel B applies to B,D,F,H. Sham 10 days, *n* = 3; UPEC 10 days, *n* = 4; sham 31 days, *n* = 3, UPEC 31 days, *n* = 4.](gaaa011f2){#f2}

Expression analysis of immune response-associated genes in testis and caput epididymidis {#sec13}
----------------------------------------------------------------------------------------

RT-qPCR analysis revealed that, in samples obtained from testis and caput epididymidis of UPEC-infected mice 10 days p.i., expression levels of *Il6* (immuno-regulatory), *Il10* (anti-inflammatory) and *Tnf* (pro-inflammatory) were not significantly changed compared to sham controls ([Fig. 3A](#f3){ref-type="fig"}). *Cxcl2*, *Nlrp3* and *Cox2* mRNA levels were analysed to help determine a possible involvement of the NLRP3-inflammasome following UPEC-infection ([Fig. 3B](#f3){ref-type="fig"}). In this regard, *Cxcl2* was found to be non-significantly increased in UPEC-infected mice in both testis and caput epididymidis. In testis samples, a significant increase in *Nlrp3* mRNA was observed along with a significant increase of the downstream marker *Cox2* ([Fig. 3B](#f3){ref-type="fig"}). In contrast, *Nlrp3* mRNA expression was significantly reduced in caput epididymidis samples, whilst *Cox2* mRNA expression was not significantly different to sham controls ([Fig. 3B](#f3){ref-type="fig"}). The macrophage chemoattractant, *Ccl2*, and F4/80, a general macrophage marker, were both significantly increased in testes of UPEC-infected mice 10 days p.i., with no significant changes detectable in the caput epididymidis ([Fig. 3C](#f3){ref-type="fig"}). Notably, changes in the samples' cellular composition/cell proportions induced by the UPEC infection (here most evident for the testis) could skew mRNA levels, allowing no definite final interpretation.

![**RT-qPCR analysis and comparison of cytokine response in testis and caput epididymidis of sham and UPEC-infected mice 10 days after infection.** (**A**) Classical inflammatory markers, (**B**) inflammasome-associated markers, (**C**) macrophage-associated markers. Unpaired *t* test for each organ, comparing sham to UPEC-infected mice (^\*\*\*\*^*P* \< 0.0001, ^\*\*\*^*P* \< 0.001, ^\*\*^*P* \< 0.01, ^\*^*P* \< 0.05). Fold change calculated via 2^(−ddCT)^ method. cap = caput. Sham 10 days, testis *n* = 6, caput *n* = 4; UPEC 10 days, testis *n* = 5, caput *n* = 4.](gaaa011f3){#f3}

![**Whole transcriptome analysis of testis, and caput, corpus and cauda epididymidis of wild-type mice.** (**A**) Principal component analysis (PCA) presenting differences in global gene signatures associated with the different tissues. (**B**) Heat map showing significantly differentially expressed genes within term 'Innate Immune System' from Reactome database in caput, cauda and corpus epididymidis and testis (based on false discovery rate (FDR) \> 0.05 and minimal count number \> 20, presented with *Z*-score normalisation). (**C**) Heat map of top 50 differentially expressed genes of a published dataset (GO: 0042742, 'defense response to bacterium') in caput, cauda and corpus epididymidis and testis (based on FDR \> 0.05, base mean \> 20, presented with *Z*-score normalisation). (**D**) Heat map of top 50 significantly differentially expressed genes of the whole dataset between caput and cauda epididymidis (based on FDR \> 0.05, base mean \> 20, presented with Z-score normalisation). Arrows pointing at selected beta-defensins, arrow heads pointing at other antimicrobial peptides of interest.](gaaa011f4){#f4}

WTA, differential expression of immunity-related genes {#sec14}
------------------------------------------------------

RNA-seq WTA of testis and caput, corpus and cauda epididymidis from three adult C57BL/6J wild-type mice was performed. Generally, corpus and cauda epididymidis displayed a very similar gene expression pattern, which was visibly different from the respective patterns of caput epididymidis and testis ([Fig. 4A](#f4){ref-type="fig"}). In this regard, immune-related genes were amongst the most prominent differentially-regulated genes ([Fig. 4B](#f4){ref-type="fig"}). Further analysing a more specific gene set 'defense response to bacterium' (GO: 0042742, [Fig. 4C](#f4){ref-type="fig"}), high baseline levels of antimicrobial factors (arrowhead), including many beta-defensins (exemplary black arrows), were detected in both caput and cauda epididymidis ([Fig. 4C](#f4){ref-type="fig"}, [Supplementary Table SII](#sup4){ref-type="supplementary-material"}). Interestingly, expression of certain beta-defensins was spatially very different (e.g. significantly higher expression of *Defb10*, *Defb2* in the cauda; significantly higher expression of *Defb18*, *Defb20* in the caput; [Fig. 4C](#f4){ref-type="fig"}, [Supplementary Table SII](#sup4){ref-type="supplementary-material"}). Antimicrobial factors were also found amongst the top 50 most differentially expressed genes between caput and cauda epididymidis with *Rnase10* and *Lcn2* (Lipocalin 2; protective role in UPEC infection of the bladder; [@ref55]; [@ref50]) significantly higher in the caput epididymidis ([Fig. 4D](#f4){ref-type="fig"}). Reliability of the RNA-seq data was validated by RT-qPCR expression analysis of selected markers using different samples of normal wild-type testis, caput and cauda epididymidis ([Supplementary Fig. S3](#sup3){ref-type="supplementary-material"}). Validation showed that mRNA expression data generated by RT-qPCR (graphs) matched the RNA-seq data expressed as library-sized normalised counts (graphs and table in [Supplementary Fig. S3](#sup3){ref-type="supplementary-material"}).

Effect of UPEC infection on expression of beta-defensins and UPEC-associated antimicrobial factors in caput and cauda epididymidis *in vivo*. Influence of LYPD8 on bacterial epithelial adherence *in vitro* {#sec15}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Beta-defensins with different spatial expression patterns in normal wild-type caput and cauda epididymidis were selected for further examination in infected tissues ([Fig. 5](#f5){ref-type="fig"}, [Supplementary Fig. S3](#sup3){ref-type="supplementary-material"}). In control mice, expression levels of *Defb20* and *Defb21* mRNA were enhanced in the caput ([Supplementary Fig. S3](#sup3){ref-type="supplementary-material"}). Following infection, a significant decrease in *Defb20* was seen in both caput and cauda epididymidis, whilst Defb21 remained unchanged. Following infection, both *Defb2* and *Defb28* showed a significant downregulation from high mRNA levels in the cauda epididymidis, along with a tendency towards increased expression levels observed in the caput epididymidis ([Fig. 5A](#f5){ref-type="fig"}). In contrast, other host antimicrobial factors with known involvement in UPEC infections showed an overall increase upon infection ([Fig. 5B](#f5){ref-type="fig"}). In this regard, *Lcn2* (siderophore-binding protein) and *Ptx3* (Pentraxin3, soluble pattern recognition receptor) mRNA were significantly upregulated in the cauda epididymidis following infection. In contrast, for *Camp* (Cathelicidin) and *Lypd8* (Ly6/PLAUR domain containing 8 protein) an increased trend of mRNA expression was noted in both caput and cauda epididymidis following infection ([Fig. 5B](#f5){ref-type="fig"}).

![**RT-qPCR analysis and comparison of modulation of antimicrobial factors in caput and cauda epididymidis and Lypd8 assessment in mouse and *in vitro* assay.** (**A**) beta-defensins, (**B**) UPEC-associated antimicrobial factors. Unpaired *t* test (^\*^) or Mann--Whitney *U* test (\#) for each organ, respectively, comparing sham to UPEC-infected mice (^\*\*\*\*^*P* \< 0.0001, ^\*\*\*^*P* \< 0.001, ^\*\*^*P* \< 0.01, ^\*^*P* \< 0.05). Fold change calculated via 2^(−ddCT)^ method. Data presented as box-and-whisker with median and min/max. cap = caput, cau = cauda. Sham 10 days, caput *n* = 4, cauda *n* = 4; UPEC 10 days, caput *n* = 4, cauda *n* = 6. (**C**) Laser-assisted microdissection of caput epithelium and caput interstitium from wild-type epididymis, *n* = 2. Relative expression calculated via 2^(−dCT)^ method. Data presented as mean ± SD. (**D**) Bacterial adherence to MEPC5 cells under the presence (+) or absence (−) of 1 μg/ml human recombinant LYPD8 (hLYPD8). CFU/ml were calculated after incubation of agar plates at 37°C for 24 h. Summary of three independent experiments with each time *n* = 2--3 per group. Unpaired *t* test comparing the number of MEPC5-adherent UPEC in the presence or absence of LYPD8 (^\*\*\*\*^*P* \< 0.0001, ^\*\*\*^*P* \< 0.001, ^\*\*^*P* \< 0.01, ^\*^*P* \< 0.05).](gaaa011f5){#f5}

Because this is the first report of *Lypd8* mRNA expression in the rodent epididymis, the synthesis and possible functions of this molecule were further examined. Using laser microdissection, expression of *Lypd8* mRNA was found in dissected caput epididymidis epithelial cells, but not in the respective interstitial compartment ([Fig. 5C](#f5){ref-type="fig"}). Application of an *in vitro* assay in which MEPC5 cells (mouse caput epididymal epithelial cell line) were co-cultured with UPEC CFT073 in the presence or absence of human recombinant LYPD8 indicated an LYPD8-associated reduction of bacterial adherence to these cells ([Fig. 5D](#f5){ref-type="fig"}).

Discussion {#sec16}
==========

Bacterial AEO results in sub- or infertility in \~40% of patients. The underlying reasons are diverse and can involve obstructive azoospermia, persistent epididymal induration needing surgical intervention or testicular aetiologies such as oligozoospermia ([@ref48]). Consistent with clinical data, further information from rodent studies of bacterial AEO show that tissue scarring and fibrotic changes that mainly develop in the cauda epididymidis were largely irreversible and remained resistant to standard antibiotic therapy ([@ref33]; [@ref34]; [@ref35]; [@ref52]; [@ref25]). Whilst the pathological consequences of AEO for the epididymal tissues are fairly consistently reported in the literature for both men and rodent models, long-term consequences of bacterial AEO for the testis are less clear ([@ref13]; [@ref40]; [@ref41]). Notably, the respective animal studies vary profoundly with regards to the infectious doses of *E. coli* (10^4^ to 10^8^ CFU per infections) as well as the type or the therapeutic doses of antibiotics applied. Similar differences play a role in orchitis and/or epididymitis studies in which LPS as an isolated UPEC virulence factor is used for induction. For those, likewise, a correlation between the applied dose of LPS and the potential long-term impairment of spermatogenesis was suggested ([@ref39]). In at least one study in men, normalisation of testicular parameters has been reported in 80% of AEO patients 3 months after therapeutic intervention ([@ref39]). In the present bacterial AEO mouse model, immunofluorescence analysis revealed that F4/80-positive cells, i.e. mononuclear phagocytes as the main type of testis-infiltrating immune cells detectable during AEO, were increased in the testicular interstitium at Day 10 p.i. Notably, no other immune cell types were analysed in this study. Coincidentally, inside the seminiferous tubules, spermatogenic disruption affecting mostly haploid germ cells, particularly elongating spermatids, was only visible at Day 10 p.i. Staining with PCNA further indicated that, in spite of the presence of bacteria at Day 10 p.i., the testes did not completely lose their proliferative spermatogenic potential (at Day 10 p.i., PCNA-positive nuclei were still detectable in \~60% of tubule cross-sections). Together with the observed small increase in classical pro-inflammatory testicular cytokine expression, it appears likely that in the AEO model utilised, the spermatogenic impairment observed at Day 10 p.i. was less likely derived from the organ's inflammatory response towards the pathogen, but rather from the presence of UPEC virulence factors, such as sperm agglutination factor, sperm immobilisation factor, cytotoxic necrotising factor, alpha-haemolysin or LPS, which have all been established to negatively impact viability or function of spermatozoa ([@ref14]; [@ref49]; [@ref11]; [@ref60]). Notably, the negative effects on spermatozoa are higher with haemolytic *E. coli* strains that are also known to induce more severe epididymitis ([@ref27]; [@ref60]). Support for a direct effect of luminal bacteria on germ cells is also based on a previous study by Nagaosa *et al*., which reported that only intratubular, but not interstitial, injection of live *E. coli* resulted in spermatogenic damage ([@ref36]). In our bacterial AEO model, the antimicrobial therapy using levofloxacin could not protect the cauda epididymidis from long-term fibrosis and ductal obstruction ([@ref25]), whereas on the testicular level partially rescue/protection from spermatogenic damage was achieved with levofloxacin treatment (data not shown), but surprisingly also without any intervention. Altogether, these data support the concept that the initial spermatogenic impairment associated with UPEC-induced AEO is largely due to a direct bacterial effect on spermatozoa, whereas the testis can maintain its capacity for spermatogenesis. In summation, rodent as well as clinical data suggest that epididymal obstruction in the cauda epididymidis rather than testicular impairment may be responsible for long-term detrimental effects on fertility following AEO ([@ref39]; [@ref48]).

Although the epididymis consists of one single highly convoluted duct embedded in an interstitial tissue, it is acknowledged that the different epididymal regions or segments differ fundamentally, with each segment showing a different region-specific cellular composition and expressing a characteristic set of genes ([@ref58]; [@ref20]; [@ref24]; [@ref22]; [@ref16]; [@ref3], [@ref4]). In relation to the immune status, Browne *et al*. investigated the different epididymal regions of the human epididymis and identified a distinct immunosuppressive phenotype specific to the caput epididymidis. In contrast, corpus and cauda epididymidis were shown to be immunologically similar, but distinct from the caput with high expression of genes associated with innate immunity and immune defense ([@ref8]). As mentioned earlier, RNA-sequencing of total RNA isolated from different epididymal regions will expectedly present very distinct mRNA profiles. This approach and technique hence allow us to collect holistic information about the 'transcriptional environment' of different organs, the epididymal regions and the testis, respectively, to better understand their unique inherent immune environments. In line with that, Browne's observation from the human matches the whole transcriptome analysis from mouse performed in the present study, in which also a profoundly different repertoire of immune-related genes was found enriched in the cauda as opposed to the caput epididymidis, with the corpus showing a profile closer to the cauda region. Of note, some immunological key factors important for the establishment of UPEC infections, such as uroplakin1b (*Upk1b*, essential for UPEC adherence to epithelia, [@ref56]), Toll-like-receptor 4 (*Tlr4*, archetypical Tlr for recognition of bacteria; [@ref19]) or *Myd88* (adaptor protein fundamentally involved in induction of immune responses; [@ref12] were highly expressed in the caput epididymidis, based on our RNA-seq analysis. Thus, a global immunological suppression cannot conclusively serve as an explanation for the preservation of normal organ integrity observed for the caput epididymidis in our bacterial AEO model. Similar to the study conducted by Silva *et al*. on the cauda epididymidis ([@ref51]), analyses of the early phase of infection are now required to clarify the possibility that an acute pro-inflammatory response in the caput epididymidis may be elicited early and resolved already before Day 10 p.i. Another protective mechanism established in the proximal regions of the epididymis could rely on a particularly effective host defence by, for example, (i) higher proportions of intraepithelial lumen-sampling immune cells ([@ref61]; [@ref4]) or (ii) the high expression of a large number of antimicrobial peptides such as beta-defensins, which has been reported by several studies including this one ([@ref10]; [@ref42]; [@ref3] ). Whereas our RNA-seq data revealed high baseline expression levels of different beta-defensins in the caput and cauda region, under infectious conditions mRNA levels of selected beta-defensins were at best slightly upregulated or significantly downregulated. As a limitation, protein expression levels complementing the qPCR results were not assessed in the present study. Also, beta-defensins are established to be mainly expressed by epithelial cells, recently specified as epithelial clear cells, in the epididymis ([@ref3]). Hence, the reduction of beta-defensin transcripts in infected caudae epididymides needs to be interpreted with caution as it may be caused by a relative loss or displacement of epithelial cells in the cauda concomitant to a superimposing effect of leucocytic infiltration.

As additional mechanisms may be in place that act in concert with the beta-defensins to confer protection, we also investigated other antimicrobial factors with well-known functions in control and clearance of UPEC-elicited urinary tract infections ([@ref65]; [@ref37]; [@ref55]). In this regard, expression of lipocalin 2 (*Lcn2*), cathelicidin (*Camp*), pentraxin 3 (*Ptx3*) and *Lypd8* were all found to be substantially increased in the cauda and, to a lesser extent, in the caput epididymidis following infection. Importantly, in contrast to beta-defensins, some of these antimicrobial peptides can be produced by both epithelial as well as immune cells. In more detail, pentraxin 3 as a soluble pattern recognition receptor can promote bacterial uptake by neutrophils ([@ref26]; [@ref21]; [@ref55]). Hence, higher expression levels of pentraxin 3 in the cauda epididymidis can be readily associated with the massive invasion of neutrophils detectable in this region following bacterial AEO ([@ref25]; [@ref26]). Cathelicidin, known to be rapidly induced upon pathogen recognition, can in turn prompt local production of antimicrobial peptides, bacterial lysis and LPS-neutralisation ([@ref64]; [@ref55]). Of note, as shown in our transcriptomic analysis, lipocalin 2 belongs to the top 50 significantly differentially expressed genes in the caput versus cauda epididymidis with a very high basal expression level in the caput region. This protein binds to bacterial siderophores, thereby inducing an iron deprivation that subsequently fundamentally limits bacterial growth and enhances phagocytic bacterial clearance ([@ref57]; [@ref55]). Hence, along with other antimicrobial peptides, lipocalin 2 may play a crucial role in establishing efficient protection from invading bacteria in the caput region.

*Lypd8* also belongs to the top 50 differentially expressed genes in caput versus cauda epididymidis with high expression levels confined to the caput. Recently, a specific effect for *Lypd8* in controlling gram-negative bacterial infections has been reported for the gut. In that report, Okumura *et al*. identified the capability of LYPD8 to bind polymerised flagellin, which is found in bacterial flagella/fimbriae/pili, thereby preventing bacterial adherence from bacteria such as *E. coli* to the epithelium of the colon. The LYPD8-induced segregation of intestinal bacteria from the epithelial surface is thought to be one mechanism maintaining the intestinal homeostasis in view of a large number of microbes constantly being present in this organ ([@ref37]). As discovered from UPEC infection of the bladder, initial adherence of UPEC to the epithelial surface is essential for subsequent internalisation, host colonisation and induction of cytokine expression ([@ref43]; [@ref29]). In contrast to the cauda epididymidis, in which a strong, long-lasting induction of pro-inflammatory cytokine production correlates with a massive immune cell infiltration, UPEC challenge of the caput epididymidis did not result in higher pro-inflammatory cytokine levels or any evident morphological alteration detectable at Day 10 p.i., whereas some AMP transcript levels were altered. It cannot be excluded though that stronger immune responses or tissue alterations occur and resolve before Day 10 p.i. This point would warrant attention in a complementary study, possibly combined with experiments that discriminate whether (i) the caput is less capable of mounting pro-inflammatory responses to UPEC or whether (ii) in the caput, bacteria are more effectively controlled by a large spectrum of inherently expressed anti-microbial factors. In this scenario, LYPD8 as an *E. coli* fimbriae-binding factor, which is uniquely and at high levels expressed in the caput epididymidis, may locally affect bacterial epithelial adherence and impact UPEC before it becomes destructive. Using an *in vitro* adherence assay, our data suggest that LYPD8 protein is indeed able to reduce the adherence of UPEC to a caput epididymal epithelial cell line supporting this notion.

Taken together, several abundant antimicrobial factors, including beta-defensins and other antimicrobial peptides, such as lipocalin 2 and LYPD8, which function in the restriction of bacterial nutrients and inhibition of bacterial adherence to host cells, respectively, may act together to render the caput luminal environment less hospitable for pathogens, thereby safe-guarding it from bacterial induced tissue damage.
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